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Abstract 
In recent times, light gauge cold-formed steel sections have been used extensively as primary 
load bearing structural members in many applications in the building industry. Fire safety 
design of structures using such sections has therefore become more important. Deterioration 
of mechanical properties of yield stress and elasticity modulus is considered the most 
important factor affecting the performance of steel structures in fires. Hence there is a need to 
fully understand the mechanical properties of light gauge cold-formed steels at elevated 
temperatures. A research project based on experimental studies was therefore undertaken to 
investigate the deterioration of mechanical properties of light gauge cold-formed steels. 
Tensile coupon tests were undertaken to determine the mechanical properties of these steels 
made of both low and high strength steels and thicknesses of 0.60, 0.80 and 0.95 mm at 
temperatures ranging from 20 to 800ºC. Test results showed that the currently available 
reduction factors are unsafe to use in the fire safety design of cold-formed steel structures. 
Therefore new predictive equations were developed for the mechanical properties of yield 
strength and elasticity modulus at elevated temperatures. This paper presents the details of the 
experimental study, and the results including the developed equations. It also includes details 
of a stress-strain model for light gauge cold-formed steels at elevated temperatures. 
Keywords: Light gauge cold-formed steel, elevated temperatures, mechanical properties, 
reduction factors, yield strength, elasticity modulus, stress-strain model, fire safety design 
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1.  Introduction 
A good understanding and knowledge of the mechanical properties is essential for the 
development of accurate and cost effective fire design methods for steel structures. In recent 
times, the use of light gauge cold-formed steels in the building industry has increased 
enormously in many countries around the world. It is well known that the mechanical 
properties of steel reduce considerably at elevated temperatures. Sidey and Teague (1988) 
stated that the reduction in mechanical properties for cold-formed steels is 10-20% more than 
that for hot-rolled steels due to the metallurgical composition and molecular surface effects. 
However, the mechanical properties of light gauge cold-formed steels at elevated 
temperatures are not fully understood and appropriate design values are not available to 
designers. Past research has mostly concentrated on hot-rolled steels and accordingly the 
reduction factors for mechanical properties given in various steel design standards are based 
on the results for hot-rolled steels. These reduction factors are considered too high for light 
gauge cold-formed steels. At elevated temperatures, cold-formed steels are likely to lose the 
strength that they gained through cold-working process at ambient temperature. This factor, 
and to a lesser extent the metallurgical composition of the steel, cause the differences 
between the degradation characteristics of mechanical properties of hot-rolled and cold-
formed steels at elevated temperatures. 
 
Many steel design standards do not include any reduction factors for cold-formed steels 
except for Eurocode 3: Part 1.2 (ECS, 2001) and BS 5950: Part 8 (BSI, 1990). Eurocode 3: 
Part 1.2 recommends the same reduction factors for both cold-formed and hot-rolled steels at 
elevated temperatures and suggests the use of Class 4 sections for cold-formed sections. BS 
5950: Part 8 gives only the yield strength reduction factors for light gauge cold-formed steels 
for a limited temperature range of 200oC to 600oC. The yield strength reduction factors in BS 
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5950: Part 8 are for 0.5, 1.5, and 2.0% strain levels even though the 0.2% proof stress is 
commonly used.  
  
In order to address the lack of reliable mechanical property data at elevated temperatures, 
Outinen (1999), Lee et al. (2003), Chen and Young (2004) and Mecozzi and Zhao (2005) 
undertook experimental research based on tensile coupon tests at elevated temperatures for 
cold-formed steels. However, Outinen’s (1999) research was limited to thicker (2 and 4 mm) 
and lower grade cold-formed steels while Chen and Young’s (2004) research was limited to 1 
mm G500 and 1.9 mm G500 steels. Mecozzi and Zhao’s (2005) tests were undertaken on 0.6 
mm S280 and 1.2 and 2.5 mm S350 steels (lower strength steels). Although Lee et al. 
undertook research for cold-formed steels of thicknesses in the range of 0.4 to 1.2 mm, it was 
found that their strain measuring method was inadequate while the furnace temperature 
measuring device overestimated the temperature. Therefore the yield strength and elasticity 
modulus values and equations given in Lee et al. (2003) may not be accurate. Therefore an 
experimental investigation was undertaken on light gauge cold-formed steels with thicknesses 
in the range of 0.6 to 1.0 mm using improved test methods and devices. 
 
The use of strain gauge or extensometer at elevated temperature has many drawbacks. Strain 
gauges do not function well at high temperatures. Lee et al. (2003) modified the conventional 
clip-on extensometer by attaching a long rod to connect to the tensile coupons located inside 
the furnace, which might have given inaccurate results. Further, the extensometers are 
difficult to use on very thin tensile coupons and do not have adequate strain capacity for 
elevated temperature tests. In order to eliminate these shortcomings, a contact free Laser 
Speckle Extensometer was used in this research based on a large number of steady state 
tensile coupon tests at elevated temperatures up to 800°C. Both low and high strength steels 
(G250 and G550) were considered with three thicknesses. This paper presents the details of 
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this experimental study on the mechanical properties of light gauge cold-formed steels, and 
the results. The results also include appropriate stress-strain models based on a Ramberg-
Osgood formulation that are essential for accurate numerical modelling of steel structures at 
elevated temperatures.   
2. Experimental Study 
2.1 Test method 
Three types of test methods are currently used to investigate the behaviour of steel structures 
under fire conditions, namely, steady-state test, transient-state test and ISO test (ISO, 1999). 
Both the transient state and ISO test methods are based on temperature variations under a 
constant load while the steady state method is based on a constant temperature with 
increasing load. In this study, the steady state test method was used to determine the 
mechanical properties of light gauge cold-formed steels due to its simplicity and accurate 
data acquisition. Many other researchers have also used the steady state test method for the 
same reasons (Feng et al., 2003, Outinen, 1999). Outinen (1999) and Lee et al. (2003) carried 
out both steady state and transient state tests of cold-formed steels and showed that the 
difference between steady state and transient state test results was negligible.  
 
Some researchers believe that transient state tests include creep effects which can occur in 
building fires. The time dependant creep effects are influenced by both the applied load and 
temperature. However, in the tensile coupon tests used in mechanical properties research, 
both the steady state and transient state tests are usually completed within an hour and thus 
include only a limited amount of creep behaviour. This means that there is little difference 
between the two types of tests in relation to creep effects. 
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2.2  Test specimens 
Tensile test specimens were taken in the longitudinal direction from the cold-formed steel 
sheets. Their dimensions were decided based on AS 1391 (SA, 1991) (see Figure 1). Two 
holes were provided at each end of the specimen in order to fix them to the loading shafts 
located at the top and bottom ends of the furnace. The dimensions of the specimen ends and 
the holes were designed to avoid any premature failure at the holes. 
 
Table 1 presents the details of steel thickness and grade and temperatures used in the tensile 
coupon tests. There were three nominal thicknesses of 0.60, 0.80 and 0.95 mm and two steel 
grades, G550 and G250 (minimum yield stress of 550 and 250 MPa). Temperature was varied 
as follows: 20, 100, 200, 350, 500, 650 and 800°C. For some cases, tests were also 
undertaken at 600°C, and in most cases the tests were repeated two or three times. This 
resulted in a total of 115 tests in this study.  
 
All the required dimensions of specimens were measured prior to testing. The base metal 
thicknesses were measured by removing the coating of the specimens by using diluted 
hydrochloric acid, and their average values are given in Table 1. The base metal thickness 
was used in all the stress calculations. However, in the discussions of this paper, nominal 
thicknesses are used. 
 
Cold reducing and cold forming processes are used to increase the strength of the steels used 
in this study. Steel properties are controlled by heat treatment. G250 sheet steels are fully 
recrystallised whereas G550 sheet steels are stress relief annealed and further processed 
through a tension levelling mill to improve the finish quality (Rogers and Hancock, 1998).  
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2.3  Test rig and procedure 
Tensile coupon tests were carried out at both ambient and elevated temperatures. An 
electrical furnace was used in the elevated temperature tests. Figure 2 shows the test 
specimen inside the electrical furnace and the methods of load application and measurement. 
The tensile load was applied by using two loading rods. The bottom rod was fixed while the 
top rod was moved upwards. Four glow bars inside the furnace heated the specimen 
uniformly. Two thermocouples were used to measure the inside temperature. An additional 
thermometer was attached to the specimen to measure the specimen temperature. 
 
Firstly the temperature of the furnace was increased to a pre-selected temperature with the 
specimen inside the furnace. The chosen heating rate was between 10 and 25oC/min. When 
the temperature reached the pre-selected value, it often exceeded the pre-selected value by a 
small margin, but the difference was less than 1% at the higher temperatures of 650ºC and 
5% at lower temperatures of 350oC. However, the furnace temperature stabilised to its 
required value quickly.  The specimen was kept for 15 to 20 minutes at this constant 
temperature until it reached the steady state condition. It was allowed to freely expand during 
this process by maintaining a zero load on it. The specimen was then loaded in tension until 
failure while maintaining the pre-set temperature. It was observed that the measured air and 
specimen temperatures were the same. This was due to the high thermal conductivity of steel, 
thin steel specimens and sufficient time the specimen was kept in the furnace.  
 
Load or displacement (strain) control could be used in applying the load. According to AS 
2291 (SA, 1979), the strain rate should be within the range of 0.00002/s to 0.00005/s and the 
upper limit of stress rate is 30 MPa/s. In this study the displacement control was used with a 
rate of 0.4 mm/min. This is equivalent to a strain rate of 0.000048/s and thus satisfies the 
requirements of AS 2291.   
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A hydraulic actuator was used to apply the tensile load to the specimens with the help of 
MultiPurpose TestWare (MTS) system. A load cell connected to the top loading rod was used 
to measure the tensile load. Alignment of the test set-up is one of the most important factors 
and hence it was always checked by applying a pre-tensile load of 200 N to the specimen. 
The top and bottom rods were first aligned vertically with each other, and then the specimen 
alignment with these rods was ensured. 
 
A laser beam speckle extensometer developed by an Austrian Company Messphysik GmbH 
was used in this study to measure the strains. It was located behind the furnace to measure the 
strains in the middle of the specimen while the tensile load was being applied. The fire 
resistant glass window allowed the viewing of the specimen with the use of laser beams. The 
laser speckle extensometer contains a computer based video processor to measure the strains. 
The extensometer continuously measured the displacement of the two speckle patterns as 
shown in Figure 3, recorded by two video cameras in a master-slave configuration. Typical 
speckle output is shown in Figure 3. The selected specimen gauge length was 50 mm as 
specified in AS 1391 (SA, 1991). The strains were then calculated and recorded in another 
computer simultaneously while the stress results were obtained from the MTS system.  
 
There are two cameras and two laser beams targeting the specimen as shown in Figure 3 in 
this innovative strain measuring process using the laser beam speckle extensometer. The 
upper and lower cameras were named as slave and master, respectively. The measuring 
principle of the extensometer is as follows. When a coherent laser beam hits the optical rough 
surface, the light will be dispersed in many different directions. As a result of this the laser 
speckle pattern can be observed as shown in Figure 3. The two cameras are directed towards 
the two points of the specimen. When a tensile load is applied, theses two points move 
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slightly and new materials or new surfaces come to these relevant positions. Therefore the 
speckle pattern changes in relation to this new surface. The video processor is able to 
measure the travelled distance of earlier speckle pattern. Both master and slave cameras can 
measure the movement of reference speckle patterns. A special calibration method was 
undertaken prior to experiments. Once the distance between the two cameras (gauge length) 
was measured from the special calibration method and stored in the program, the processor 
calculated the strain at any given time (ε) based on the displacements from laser speckle 
extensometer. The strain was taken as the ratio of the difference in the sum of displacements 
in the slave and master systems (∑d slave  - ∑dMaster ) and the distance of initial reference 
patterns (gauge length 0l ). 
   
The laser speckle extensometer has never been used in Australian universities and therefore 
its accuracy must be checked by using other known methods. Therefore ambient temperature 
tests were first undertaken by using both 10 mm strain gauges and the new laser speckle 
extensometer. The stress-strain curves of 0.6 mm G550 steel test results at ambient 
temperature obtained from these two methods demonstrate an excellent agreement between 
them (Figure 4(a)). 
 
3. Results and Discussion 
3.1  Yield strength  
Normally the 0.2% proof stress method is used to determine the yield strength of steel at 
ambient temperatures while for elevated temperatures some researchers also use the 0.5%, 
1.5% and 2.0% total strain method. In this study, the yield strengths were determined using 
the 0.2% proof stress method as well as the 0.5%, 1.5% and 2% total strain methods. 
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Figures 4 (a) and (b) show the typical stress-strain curves obtained at ambient and elevated 
temperatures and the determination of yield strength based on the 0.2% proof stress method 
and the 0.5%, 1.5% and 2.0% strain levels. The yield strength based on the 0.2% proof stress 
method was measured from the intersection of the stress-strain curve and the proportional 
line off-set by 0.2% strain level. The strengths at 0.5%, 1.5% and 2.0% strain levels were 
measured from the intersection of stress-strain curve and the non-proportional vertical lines at 
given strain values 
 
The reduction factors at elevated temperatures were calculated as the ratio of yield strength at 
elevated temperatures (fyT) to that at ambient temperature (fy20), and the results are given in 
Table 2. Figure 5 shows the deterioration of yield strength based on 0.2% proof stress with 
temperature for both low and high strength steels of different thicknesses. As seen in Figure 
5, low strength steels (G250) lose their strength more rapidly at lower temperatures than high 
strength steels (G550). There is a considerable difference in the degradation of yield strength 
between low and high strength steels in the range of 200oC to 500oC. However, when the 
temperature increases beyond 400oC, high strength steels lose their strength more rapidly 
than low strength steels. Hence both low and high strength steels have similar yield strengths 
at higher temperatures. Higher level of cold-working used in high strength steels is the reason 
for the difference in the rates of strength degradation between these steels. The steel thickness 
does not appear to have a significant influence on the reduction factors.  The yield strengths 
based on 1.5% and 2% strain levels were higher than the yield strengths based on 0.5% strain 
level and 0.2% proof stress method. The latter two values were about the same in most cases. 
Further, higher reduction factors were obtained for 1.5% and 2% strain levels for both low 
and high strength steels as seen in Table 2. 
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The stress-strain graph of low strength steel had a well defined yield plateau at ambient 
temperature (see Figure 8(b)). However, it did not show a clear flat yield plateau at 200oC. 
Therefore the yield strength at 200oC was determined based on the average of the lower 
values. There was no yield plateau for 350oC and higher as shown in Figure 8(b). Therefore 
the 0.2% proof stress method was also used to determine the yield strengths of low strength 
steels at elevated temperatures. 
3.2  Elasticity modulus 
The elasticity modulus was determined from the initial slope of the stress-strain curves. The 
reduction factors were then calculated as the ratio of the elasticity modulus at elevated 
temperature (ET) to that at ambient temperature (E20), and are given in Table 3. Figure 6 
shows the variation of elasticity modulus reduction factors with temperature. Unlike for yield 
strength, the reduction factors were similar for low and high strength steels, with the 
difference being less than 10%.  
3.3 Ultimate Strength 
 
The tensile tests were carried out until specimen failure and therefore the reduction factors for 
ultimate strengths were also calculated as the ratio of ultimate strength at elevated 
temperature (fuT) to that at ambient temperature (fu20). Table 4 and Figure 7 show the ultimate 
strength reduction factors with increasing temperature. The results show that the behaviour of 
low strength steels is totally different from high strength steels at lower temperatures. At 
200oC the low strength steel shows an unusual behaviour. The ultimate strength of high 
strength steel at 200oC is closer to that at ambient temperature. But low strength steel shows a 
considerable difference compared to high strength steel from ambient temperature to 200oC. 
This phenomenon can be discussed in relation to the chemical composition of cold-formed 
steel. When the temperature increases from ambient temperature to 200oC, chemical reactions 
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occur in the steel base due to its small Nitrogen content. The strength of the steel can increase 
due to these chemical reactions. Therefore the ultimate strength at 200oC is higher than the 
ultimate strength at ambient temperature for low strength steels. The same chemical reactions 
may also occur in high strength steels. However, the strength acquired from cold working 
drops due to increasing temperature for high strength steel in parallel with these chemical 
reactions. Therefore significant differences are not seen in high strength steels. 
3.4  Ductility of Low and High Strength Steels at Elevated Temperatures 
As expected, low strength steels show a much higher ductility than high strength steels. High 
strength steels lose their ductility as a result of heavy cold-working. Both low and high 
strength steels lose their ductility when the temperature is increased to 200oC. However, the 
ductility of low strength steels drops significantly than high strength steel at 200oC (see 
Figures 8(a) and (b)). This unusual behaviour occurs due to the chemical reactions and has 
been explained earlier. The ductility of high strength steel is decreased due to the chemical 
reactions while it is increased with temperature. Although the same phenomenon occurs for 
low strength steel, the ductility increase at 200oC due to temperature increase is lower than 
that of high strength steel. Therefore low strength steel shows a considerable difference when 
compared to high strength steel. When the specimen temperature is increased to 650oC, both 
low and high strength steels show the same level of ductility. Therefore the lack of ductility 
cannot be considered as a disadvantage for cold-formed high strength steel members at 
elevated temperatures and thus fire safety. 
 
Figures 9 shows the failure modes of tensile test specimens at 20 to 650oC for 0.8 mm high 
strength steels. The failure modes for 20oC and 200oC appear to be brittle, but for higher 
temperatures beyond 200oC they became more ductile with necking failures. Hence it can be 
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concluded that ductility of high strength steels improved significantly at elevated 
temperatures. 
3.5  Comparison of results with current cold-formed steel design standards 
The reduction factors obtained from this study were compared with the values given in BS 
5950 Part 8 (BSI, 1990) and Eurocode 3 Part 1.2 (ECS, 2001). The BS 5950 Part 8 yield 
strength reduction factors based on 0.5% strain method were considered here since they are 
considered similar to the factors based on 0.2% proof stress method (see Figure 4 (b)). Figure 
10 (a) compares the yield strength reduction factors for both low and high strength steels. 
There is a significant difference of up to 30% between the reduction factors obtained from 
this research and the current steel design standards. Further the reduction factors in Eurocode 
and BS 5950 are also not the same. Most of the yield strength reduction factors given in 
Eurocode and BS 5950 are unconservative, particularly in the temperature range of 300 to 
600oC. Although there is a considerable difference in the reduction factors for the different 
steel grades, none of the design standards have discussed it. Figure 10 (b) compares the 
elasticity modulus reduction factors from this study and Eurocode. It can be seen that the 
reduction factors in Eurocode are unconservative for both low and high strength steels in the 
temperature range of 300oC to 600oC with a maximum difference of about 30%. Mecozzi and 
Zhao (2005) also made similar observations based on their test results. 
3.6  Comparison of results with available research results 
Lee et al.’s (2003) reduction factors were found to be overestimated due to the problems with 
their strain and temperature measurements. Hence their results were not used in this 
comparison. Outinen (1999) provided reduction factors for 2 mm S350GD+Z (minimum 
yield strength of 350 MPa) steels while Chen and Young (2004) gave the factors for 1 mm 
G550 steels. Figure 11 (a) compares their yield strength reduction factors with those obtained 
in this study. The reduction factors presented by Chen and Young (2004) for yield strength 
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agree well up to 400oC, but are too conservative beyond 400oC. There is a 30% difference at 
500oC between Chen and Young’s results and the reduction factor of 0.95 mm G550 steel in 
this research. The reduction factors presented by Outinen (1999) also disagree at some 
temperatures. The maximum difference of Outinen’s results and those from this research is 
about 35% for 0.95 mm G250 steel. Figure 11 (b) shows the comparison of the elasticity 
modulus reduction factors. The results presented by Chen and Young (2004) considerably 
overestimate the reduction factors while Outinen’s results agree reasonably well at some 
temperatures but disagree at other temperatures by up to 25%. The differences in results 
might have been due to variations in steel grades and thicknesses and test methods used. 
Table 5 compares the reduction factors obtained by Mecozzi and Zhao (2005) for 0.6 mm 
S280 steel with the values for 0.6 mm G250 steel in this study. There is good agreement at 
lower temperatures up to 300oC, but their factors are conservative at higher temperatures. 
Mecozzi and Zhao (2005) also tested 1.2 and 2.5 mm S350 steels and the results showed a 
large difference between the reduction factors of these steels. Hence they proposed separate 
tables of reduction factors for these steels. 
3.7  Comparison of reduction factors for cold-formed and hot-rolled steels 
 SCI (1993) states that the performance of hot-rolled steel structures in fire does not vary 
significantly with steel grade and that the reduction of strength of cold-formed steels at 
elevated temperatures is more than that of hot-rolled steels by about 10 to 20%. The reduction 
factors in BS 5950 Part 8 (BSI, 1990) also confirmed this. In order to show the difference 
between the reduction factors of hot-rolled and cold-formed steels, the reduction factors for 
hot-rolled steels as given in AS 4100 (SA, 1998) and BS 5950 Part 8 (BSI, 1990) were 
compared with the results from this study. The BS 5950 yield strength factors based on 0.5% 
strain level were used in the comparison. As shown in Figures 12 (a) and (b) the reduction 
factors in AS 4100 and BS 5950 for hot-rolled steel are too high for cold-formed seels in 
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most cases with a difference of up to 30%. Therefore the reduction factors obtained for hot-
rolled steels are not applicable to cold-formed steels at elevated temperatures. 
4. Predictive Equations for Mechanical Properties  
4.1 Yield strength 
Based on the yield strength results obtained from the tensile coupon tests, empirical equations 
were developed to determine the reduction factors for light gauge cold-formed steels. Since 
the temperature was the main factor causing the deterioration of yield strength of steel, they 
were developed as a function of temperature. Other researchers (Olawale and Plank, 1988; 
Outinen, 1999 and SA, 1998) also determined them as a function of temperature.  
 
Although various strain levels (0.2%, 0.5%, 1.5% and 2%) were considered in determining 
the yield strength, only the reduction factors based on the 0.2% proof stress method were 
used in deriving the empirical equations. This is because the yield strengths based on other 
strain levels have not been accepted widely. It is to be noted that the yield strength based on 
0.5% strain level is closer to the 0.2% proof strength while those based on 1.5 and 2% strain 
levels are in fact closer to the ultimate strength. 
 
Since there are considerable differences between the reduction factors of low and high 
strength steels (Figure 5), separate equations were developed for them. There are three main 
regions for high strength steels while low strength steels show two regions. The high strength 
steel shows a linear reduction in strength up to 200oC due to increasing temperatures. It then 
has a non-linear reduction due to the metallurgical effects and the loss of strength gained due 
to cold-working. However, the latter effect is minimal up to about 500oC. Therefore the 
reduction factors of high strength steel are higher than that of low strength steel. However, 
the strength gain due to cold-working is lost when the temperature is above 500oC as seen by 
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the sudden strength loss in Figure 5. Hence there is hardly any difference between low and 
high strength steels beyond 500oC. Three equations were developed for high strength steels 
based on the three main regions. Since low strength steels do not have high strength gain due 
to cold-working it has only two regions and two equations were developed for them. These 
equations were developed using the same format used by Chen and Young (2004). 
 
Equations 1 (a) to (c) give the reduction factors (fyT/fy20) for high strength steels while 
Equations 2 (a) and (b) are for low strength steels as a function of temperature T, where fyT 
and fy20 are the 0.2% proof stress at elevated and ambient temperatures, respectively. Figures 
13 (a) and (b) demonstrate a good agreement between the experimental results and the 
predictions of Equations 1 and 2. Therefore Equations 1 and 2 are recommended for the 
determination of the yield strength reduction factors at any given temperature. 
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For G250 steels  
014.10007.0
20
+−= T
f
f
y
yT    CTC oo 20020 ≤≤  
( )
736.0
747.3
15.0
20
−−= T
f
f
y
yT      CTC oo 800200 ≤<  
 
Alternatively single equations (Equations 3 and 4) can be used to predict the reduction factors 
at any given temperatures (up to 800oC), and their predictions are compared with the test 
results in Figures 14 (a) and (b).  The effect of steel thickness on the deterioration of yield 
(1a) 
(1b) 
(2a) 
(2b) 
(1c) 
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strength was found to be insignificant and hence thickness was not considered in developing 
these equations. 
For G550 steel 
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4.2  Elasticity modulus 
Elasticity modulus also deteriorates with increasing temperature and is one of the important 
factors determining the buckling behaviour of light gauge steel members. Therefore empirical 
equations were developed for elasticity modulus reduction factors as a function of 
temperature. As seen in Figure 6, the difference in the reduction factors of low and high 
strength steels is negligible. The influence of steel thickness is also negligible. Therefore steel 
grade and thickness were not considered in developing the predictive equations.  
 
Experimental results from this study show that the elasticity modulus remains the same up to 
about 100oC. Beyond this there is a linear reduction. Therefore a linear equation was 
generated to predict the elasticity modulus reduction factors (Equations 5(a) and (b)). Figure 
15 shows a good agreement between the predicted values from these equations and the test 
results. 
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4.3  Stress-strain model 
Stress-strain models mainly depend on three parameters, yield strength, elasticity modulus 
and temperature, which were considered in developing a suitable stress-strain model for light 
gauge steels at elevated temperatures. Ramberg and Osgood (1943) first developed the stress-
strain model, but it has been modified by various authors. The stress-strain model is usually 
represented by Equation 6 where εT is the strain corresponding to a given stress fT at 
temperature T, ET and fyT are the elasticity modulus and the yield strength, respectively, and β 
and ηT are the two parameters defining the stress-strain model. 
T
Ty
T
T
Ty
T
T
T f
f
E
f
E
f
η
βε ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛+=
,
,  
 
Appropriate values of β and ηT are chosen depending on the steel types used. The parameter β 
in Equation 6 was considered as a constant value of 3/7 and 6/7 by Olawale and Plank (1988) 
and Outinen (1999), respectively. The other parameter ηT decides the slope of the inelastic 
zone and the plastic stress in the stress-strain curve. Therefore it was determined as a function 
of temperature by them.  
 
Lee et al. (2003) used a different method to determine the stress-strain model. They used a 
constant ηT of 15 and varied the β value with temperature. However, Lee et al.’s (2003) 
method was unable to predict the stress-strain model of light gauge cold-formed steels at 
elevated temperatures accurately. Therefore a new set of equations was generated by 
considering all the above methods. The parameter β was determined as 0.86 while the 
parameter ηT was developed as a function of temperature in the form of Equations 7 (a) and 
(5b) 
(6) 
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(b) for low and high strength steels. The proposed model based on Equation 7 (a) is valid for 
the full range up to the ultimate tensile strain in the temperature range of 20 to 800oC while 
Equation 7 (b) is valid for 350 to 800oC. The stress-strain curves for low strength steels at 
temperatures below 350oC include a yield plateau and hence cannot be predicted using 
Equation 7 (b) that was developed only for gradually changing stress-strain curves. 
For G550 steel 
653.622615.00005.01005.3 237 +−+−= − TTTXTη           CTC oo 80020 ≤≤  
For G250 steel 
212.19085468.0000138.0 2 +−= TTTη              CTC oo 800350 ≤≤  
 
Figures 16 (a) and (b) compare the predicted stress-strain curves from Equations 6 and 7 with 
experimental results at ambient temperature and 650oC for high strength steel. The results 
clearly show that there is a very good agreement between the predicted stress-strain curves 
from Equations 6 and 7 and test results. Therefore these equations are recommended for the 
determination of the stress-strain curves of 0.60, 0.80 and 0.95 mm G250 and G550 steels at 
any given temperature. 
5. Conclusions 
This paper has described a detailed experimental study into the mechanical properties of light 
gauge cold-formed steels at elevated temperatures. Tensile coupon tests were undertaken at 
more than seven different temperature levels up to 800oC for cold-formed steels made of low 
and high strength steels with thickness in the range of 0.6 to 1 mm to determine the yield and 
ultimate strengths, the elasticity modulus and the stress-strain curve. The results showed that 
the steel grade has an influence on the yield strength of steel. However, there was no clear 
relationship between the elasticity modulus and the steel grade or the thickness of steel. 
Current literatures including various steel design standards do not present accurate reduction 
(7a) 
(7b) 
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factors for the yield strength and elasticity modulus of light gauge cold-formed steels at 
elevated temperatures.  
 
Using the results from this research, a new set of predictive equations was generated for the 
determination of both yield strength and elasticity modulus at elevated temperatures. Further, 
a new stress-strain model has also been developed. The use of such accurate mechanical 
properties developed from this research will lead to safe design of light gauge cold-formed 
steel structures under fire conditions. 
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Figure 1.  Dimensions of Tensile Test Specimens (mm) 
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(a) 0.6 mm G550 steel at 20oC   
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(b) 0.6 mm G550 steel at 650oC 
 
Figure 4. Typical Stress-strain Curves at Ambient and Elevated Temperatures 
0.2 
 26
 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 100 200 300 400 500 600 700 800 900
Temperature, oC
f y
,T
/f y
,2
0
0.6-G550
0.8-G550
0.95-G550
0.6-G250
0.8-G250
0.95-G250
 
Figure 5. Yield Strength Reduction Factors 
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Figure 6. Elasticity Modulus Reduction Factors 
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Figure 7. Ultimate Strength Reduction Factors 
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(a) 0.6 mm G550 steel 
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(b) 0.6 mm G250 steel 
Figure 8. Stress-strain Curves of 0.6 mm Steels at Varying Temperatures 
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Figure 9. Failure Modes of 0.8 mm G550 Tensile Specimens at Elevated Temperatures 
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(a) Yield strength reduction factors 
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(b) Elasticity modulus reduction factors 
Figure 10. Comparison of Reduction Factors at Elevated Temperatures with Current 
Steel Design Rules 
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(a) Yield strength reduction factors 
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(b) Elasticity modulus reduction factors 
 Figure 11. Comparison of Reduction Factors at Elevated Temperatures with Other 
Researchers’ Results 
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(a) Yield strength reduction factors 
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      (b) Elasticity modulus reduction factors 
Figure 12. Comparison of Reduction Factors for Cold-formed and Hot-rolled Steels 
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(a) G550 steel 
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(b) G250 steel 
 
Figure 13. Comparison of Predicted Yield Strength Reduction Factors with Test Results 
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(a) G550 steel   
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(b) G250 Steel 
Figure 14. Comparison of Predicted Yield Strength Reduction Factors with Test Results 
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Figure 15. Comparison of Predicted Elasticity Modulus Reduction Factors with Test 
Results 
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(a) Ambient temperature 
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(b) 650oC 
Figure 16. Stress-strain Curves from Equations 6 and 7 and Tests for G550 Steels 
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Table 1.  Details of Tensile Test Specimens 
 
Steel 
Grade 
Nominal 
Thickness 
(mm) 
Base Metal 
Thickness 
(mm)* 
Yield 
Strength  
(MPa)* 
Elasticity 
Modulus  
(GPa)* 
G250 
0.60 0.55 314.5 211 
0.80 0.75 297 200 
0.95** 0.94 320 200 
G550 
0.60 0.60 675 214 
0.80 0.80 610 200 
0.95 0.94 615 205 
*    Measured mean values at ambient temperature    
** Commonly referred to as 1.0 mm as total coated thickness is still used for 
G250 steels  
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Note: 0.60, 0.80 and 0.95 mm are nominal thicknesses;              * indicates that limited number of tests were undertaken for G550 steel.  
Temperature 0.60 mm G550 steel 0.60 mm G250 steel  
(°C) 0.2% 0.5% 1.5% 2.0% 0.2% 0.5% 1.5% 2.0% 
20 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
100 0.970 0.968 1.000 1.000 0.937 0.935 0.958 0.978 
200 0.956 0.947 0.996 0.994 0.922 0.901 0.938 0.965 
350 0.838 0.814 0.897 0.896 0.526 0.539 0.711 0.758 
500 0.403 0.402 0.461 0.471 0.323 0.338 0.398 0.413 
600* 0.118        
650 0.097 0.099 0.105 0.107 0.163 0.166 0.179 0.183 
800 0.030 0.030 0.031 0.031 0.036 0.036 0.37 0.037 
Temperature 0.80 mm G550 steel 0.80 mm G250 steel  
(°C) 0.2% 0.5% 1.5% 2.0% 0.2% 0.5% 1.5% 2.0% 
20 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
100 1.000 1.000 0.990 0.990 0.960 0.958 0.968 0.965 
200 0.992 1.004 0.978 0.980 0.918 0.922 0.947 0.943 
350 0.876 0.870 0.899 0.901 0.586 0.629 0.786 0.844 
500 0.429 0.425 0.464 0.469 0.360 0.383 0.443 0.455 
600* 0.123        
650 0.093 0.102 0.111 0.114 0.180 0.187 0.200 0.202 
800 0.051 0.050 0.055 0.056 0.081 0.082 0.085 0.086 
Temperature 0.95 mm G550 steel 0.95 mm G250 steel  
(°C) 0.2% 0.5% 1.5% 2.0% 0.2% 0.5% 1.5% 2.0% 
20 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
100 0.976 0.976 0.985 0.988 0.906 0.906 0.910 0.921 
200 0.963 0.963 0.970 0.977 0.823 0.865 0.855 0.930 
350 0.877 0.861 0.944 0.953 0.510 0.565 0.715 0.774 
500 0.471 0.450 0.537 0.541 0.327 0.355 0.411 0.427 
600* 0.113        
650 0.082 0.089 0.105 0.108 0.164 0.175 0.185 0.189 
800 0.044 0.045 0.055 0.056 0.059 0.061 0.067 0.067 
Table 2. Yield Strength Reduction Factors (fyT/fy20) based on Various Strain Levels 
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Table 3.  Elasticity Modulus Reduction Factors  
 
                         Steel         0.60 mm           0.80 mm         0.95 mm
Temperature (oC) G550 G250 G550 G250 G550 G250
20 1.000 1.000 1.000 1.000 1.000 1.000
100 1.000 0.998 1.000 1.000 1.000 1.000
200 0.822 0.948 0.854 0.890 0.863 0.925
350 0.652 0.630 0.710 0.550 0.688 0.627
500 0.396 0.468 0.398 0.488 0.392 0.488
650 0.264 0.265 0.310 0.343 0.322 0.350
800 0.058 0.047 0.130 0.038 0.140 0.096  
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Table 4.  Ultimate Strength Reduction Factors 
 
Steel          0.60 mm          0.80 mm          0.95 mm
Temperature (°C) G550 G250 G550 G250 G550 G250
20 1.000 1.000 1.000 1.000 1.000 1.000
100 1.000 0.985 0.978 0.974 0.975 0.968
200 1.000 1.152 0.967 1.132 0.962 1.238
350 0.899 1.005 0.881 0.963 0.932 0.983
500 0.473 0.432 0.461 0.433 0.535 0.460
650 0.114 0.164 0.121 0.171 0.118 0.177
800 0.030 0.040 0.050 0.070 0.040 0.060  
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Table 5.  Comparison of Reduction Factors with Mecozzi and Zhao’s Results (2005) 
Temp (oC) 100 200 300 350 400 500 600 650 700 800 
fyT/fy20 - MZ 1.000 0.849 0.630 - 0.310 0.203 0.110 - 0.064 0.042 
fyT/fy20 0.937 0.922 - 0.526 - 0.323 - 0.163 - 0.036 
ET/E20 - MZ 1.000 0.900 0.650 - 0.400 0.270 0.150 - 0.100 0.060 
ET/E20 0.998 0.948 - 0.630 - 0.468 - 0.265 - 0.047 
 Note: MZ : Mecozzi and Zhao (2005) 
 
    Table 
3.2  
Reduction 
